Do mouse skeletal muscle mitochondria resemble human skeletal muscle mitochondria sufficiently to serve as a proper model and how do differences of skeletal muscle type affect the comparison? r What is the main finding and its importance?
Mouse modelling for the study of human health and disease is an extremely powerful tool that is widely used. The degree of conservation between mouse and human genomes permits the study of murine biology largely to characterize that of humans (Mouse Genome Sequencing Consortium et al. 2002) . There remains, however, a biological divergence between species that is not always readily apparent and can lead to scientific misdirection if not properly recognized. There are certain fundamental differences in mouse models that mimic human disease with regard to cancer (Rangarajan & Weinberg, 2003) , ageing (Demetrius, 2006) and metabolic disease (Svenson et al. 2007; Garland et al. 2011) that must be taken into account. The use of rodents for research on human muscle disuse and sarcopenia is fraught with dissimilarities between species (Rennie et al. 2010 ). The differences between mice and humans extend beyond diseased states. Haemodynamic control differs between healthy humans and mice (Desai et al. 1997; Bernstein, 2003) , as do normal metabolic profiles of some skeletal muscles (Schiaffino et al. 2007) . Accordingly, data extrapolation from mouse studies modelling human physiological function, in both healthy and diseased states, can have limitations if the differences between species are not identified and controlled for.
Mitochondria are associated with the aetiology of many disease states and disorders, including ageing (Jacobs, 2003) and metabolic disease (Lowell & Shulman, 2005; Chomentowski et al. 2011) . The roles of mitochondrial function in these diseases are often studied using mouse models (Picard et al. 2010; Miller et al. 2012; Paglialunga et al. 2012; Sebastián et al. 2012) . The most common tissue used to analyse mitochondria is skeletal muscle, because of its accessibility, relative mass-to-body weight ratio and high metabolic rate. Differences between mouse and human skeletal muscle have brought into question the validity of studying mouse mitochondria, and alternative animal models have already been proposed ostensibly to replace the mouse for the study of human mitochondrial physiology (Lemieux & Warren, 2012) .
Skeletal muscle anatomy and function vary between mice and humans. These recognized differences have led to comparisons of molecular expression across different mouse and human muscles in an attempt to identify the best phenotypic association between species (Kho et al. 2006) . The mouse soleus (SOL M ) has been reported to express the closest molecular resemblance to several human skeletal muscles (Kho et al. 2006) . However, mitochondrial function across different murine skeletal muscles has never been empirically compared with a human skeletal muscle, namely the vastus lateralis, because that is the most common human skeletal muscle sampled. The aim of this study, therefore, is to analyse respiratory capacity and control across several mouse muscles and to evaluate those results with skeletal muscle mitochondrial function measured from young and healthy human subjects.
Our first objective is to compare and contrast mitochondrial function across the lateral portion of mouse quadriceps (QUAD M ), SOL M and lateral gastrocnemius (GAST M ). Hitherto, differences in mitochondrial function across skeletal muscles have been attributed primarily to the differences in mitochondrial content (Hoppeler et al. 1987; Schwerzmann et al. 1989) . Such studies, however, used preparations of isolated mitochondria for respirometric analysis with limited substrate supply, never reaching maximal state 3 respiration or oxidative phosphorylation capacity (P) of the entire respiratory system. We have previously demonstrated that differences in mitochondrial respiratory capacity and control are apparent only when substrate provision for both complex I (CI; NADH dehydrogenase) and complex II (CII; succinate dehydrogenase) is provided (Jacobs & Lundby, 2012) . Our first objective is to confirm differences in respiratory capacity and control between different skeletal muscles as suggested by previous studies in humans Conley et al. 2007) . Our second objective is to determine whether mouse skeletal muscle can properly represent human skeletal muscle mitochondrial function and, if so, to identify the mouse skeletal muscle that best represents human muscle. Our hypotheses are as follows: (i) that the mouse can serve as a viable model for the study of mitochondrial function in humans; and (ii) that SOL M will best represent mitochondrial function in human skeletal muscle, as a result of the molecular similarities between muscles (Kho et al. 2006 ).
Methods

Ethical approval
The experimental protocols using laboratory animals were approved by the Kantonales Veterinäramt Zürich (73/2011) and were performed in accordance with the Swiss animal protection laws and institutional guidelines. The Regional Ethics Committee of Region Hovedstaden in Denmark approved experimental protocols involving human subjects (H-1-2011-052) , which were in accordance with the Declaration of Helsinki. Prior to the start of the experiments, informed oral and written consent was obtained from all participants.
Experimental animals
A total of eight C57Bl/6J wild-type mice were used in this study. All mice were housed in standard rodent cages with fixed temperature (21 ± 1
• C), free access to food and water, and a 12 h-12 h light-dark cycle. Mice ranged from 8 to 10 weeks of age when they were killed and skeletal muscles collected. Animals were killed by means of carbon dioxide inhalation, followed by rapid excision of QUAD M , SOL M and GAST M . These muscles represent a mixed oxidative and glycolytic muscle, an oxidative muscle and a glycolytic muscle, respectively.
Human subjects
Eight young and physically active subjects voluntarily participated in this study. Subject characteristics (means ± SD) were as follows: age, 26 ± 5 years; height, 175 ± 9 cm; and body weight, 70 ± 7 kg. All subjects were recreationally active. No subjects were taking any sort of prescription medication or had any known family history of type 2 diabetes, severe obesity or cardiovascular diseases.
Human skeletal muscle sampling
Skeletal muscle biopsies were obtained from the vastus lateralis. Samples were collected under local anaesthesia (1% lidocaine) of the skin and superficial muscle fascia, using the Bergström technique (Bergström, 1962 ) with a needle modified for suction. The biopsy was immediately dissected free of fat and connective tissue and divided into sections for measurements of mitochondrial respiration.
Skeletal muscle preparation
Both human and mouse skeletal muscle samples were immediately placed in ice-cold biopsy preservation solution containing 2.77 mM CaK 2 EGTA buffer, 7.23 mM K 2 EGTA buffer, 0.1 μM free calcium, 20 mM imidazole, 20 mM taurine, 50 mM 2-(N -morpholino)ethanesulfonic acid hydrate (K-Mes), 0.5 mM dithiothreitol, 6.56 mM MgCl 2 .6H 2 O, 5.77 mM ATP and 15 mM phosphocreatine (pH 7.1). Muscle samples were then gently dissected with either a pair of fine-tipped forceps or the tip of two 18-gauge needles for murine and human skeletal muscle samples, respectively, achieving a high degree of fibre separation that was verified microscopically. Chemical permeabilization was carried out by incubation in 2 ml of biopsy preservation solution with saponin (50 μg ml −1 ) for 30 min at 4
• C (Kuznetsov et al. 2004) . Finally, samples were washed with a mitochondrial respiration medium 05 (MiR05) containing 0.5 mM EGTA, 3 mM MgCl 2 .6H 2 O, 60 mM potassium lactobionate, 20 mM taurine, 10 mM KH 2 P0 4 , 20 mM Hepes, 110 mM sucrose and 1 g l −1 bovine serum albumin (pH 7.1) for 10 min at 4
• C.
Mitochondrial respiration measurements
Muscle bundles were blotted dry and measured for wet weight in a balance-controlled scale (XS205 DualRange Analytical Balance; Mettler-Toledo AG, Greifensee, Switzerland), at constant relative humidity in order to provide hydration consistency as well as stability of weight measurements. Respiration measurements were performed in mitochondrial respiration medium 06 (MiR06; MiR05 + catalase 280 IU ml −1 ). Measurements of oxygen consumption were performed at 37
• C using the high-resolution Oxygraph-2k (Oroboros, Innsbruck, Austria), with all additions in each substrate, uncoupler and inhibitor titration protocol being added in series. Standardized instrumental calibrations were performed to correct for back diffusion of oxygen into the chamber from the various components, leak from the exterior, oxygen consumption by the chemical medium and oxygen consumption by the sensor. Oxygen flux was resolved by software allowing non-linear changes in the negative time derivative of the oxygen concentration signal (Oxygraph2k; Oroboros). All experiments were carried out in a hyperoxygenated environment to prevent any potential oxygen diffusion limitation.
Respiratory titration protocol
The titration protocol was specific to the examination of individual aspects of respiratory control through a sequence of coupling and substrate states induced via separate titrations. All respirometric analyses were made in duplicate, and all titrations were added in series as presented. The concentrations of substrates, uncouplers and inhibitors used were based on prior experiments conducted for optimization of the titration protocols (Jacobs et al. 2011 Jacobs & Lundby, 2012) .
Leak respiration in the absence of adenylates (L N ) was induced with the addition of malate (2 mM) and octanoyl carnitine (0.2 mM). The L N state represents the resting oxygen consumption of an unaltered and intact electron transport system free of adenylates.
Maximal electron flow through electron-transferring flavoprotein (ETF) and fatty acid oxidative capacity (P ETF ) were both determined following the addition of ADP (5 mM). In the P ETF state, the ETF-linked transfer of electrons requires the metabolism of acetyl-CoA, hence the addition of malate, in order to facilitate convergent electron flow into the Q-junction from both CI and ETF, allowing β-oxidation to proceed. The contribution of electron flow through CI is far below capacity and so here the rate-limiting metabolic branch is electron transport through ETF such that malate + octanoyl carnitine + ADP-stimulated respiration is representative of, rather than specific to, electron capacity through ETF (Eaton et al. 1996; Saks et al. 1998; Gnaiger, 2009; .
Submaximal state 3 respiratory capacity specific to CI (P CI ) was induced following the additions of pyruvate (5 mM) and glutamate (10 mM). Maximal state 3 respiration, oxidative phosphorylation capacity (P), was then induced with the addition of succinate (10 mM). Oxidative phosphorylation capacity demonstrates the capacity of a naturally intact electron transport system to catalyse a sequential set of redox reactions that are partially coupled to the production of ATP via ATP synthase. Oxidative phosphorylation capacity maintains an electrochemical gradient across the inner mitochondrial membrane that is dictated by the degree of coupling to the phosphorylation system (Gnaiger, 2009; . This maximal state represents respiration that is resultant to saturating concentrations of ADP and substrate supply for both CI and CII. Convergent electron input to CI and CII provides higher respiratory values compared with the isolated respiration of either CI (pyruvate/glutamate + malate or glutamate + malate) or CII (succinate + rotenone; Rasmussen & Rasmussen, 2000; Gnaiger, 2009 ). Consequently, P presents more physiological relevance to the study of mitochondrial function (Brand & Nicholls, 2011) and is necessary to establish confirmation of a complete and intact electron transport system.
As an internal control for compromised integrity of the mitochondrial preparation, the mitochondrial outer membrane was assessed with the addition of cytochrome c (10 μM). There was no indication of mitochondrial damage, because the 3.5, 2.1, 5.5 and -0.4% change in mouse QUAD M , SOL M , GAST M and QUAD H respiration, respectively, was either below or within the accepted 5-15% elevation in respiration following exogenous cytochrome c, verifying integrity of the outer mitochondrial membrane (Kuznetsov et al. 2008) .
Phosphorylative restraint of electron transport was assessed by uncoupling ATP synthase (complex V) from the electron transport system with the titration of the proton ionophore, carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP; 0.5 μM per addition up to optimal concentrations ranging from 1.5 to 3 μM), reaching electron transport system (ETS) capacity. In the ETS respiratory state, the inner mitochondrial membrane potential is completely collapsed, with an open transmembrane proton circuit. The uninhibited flow of electrons through the respiratory system can therefore serve indirectly as an indication of maximal mitochondrial membrane potential.
Finally, rotenone (0.5 μM) and antimycin A (2.5 μM) were added, in sequence, to terminate respiration by inhibiting CI and complex III (CIII; cytochrome bc 1 complex), respectively. With CI inhibited, electron flow is specific to CII, providing submaximal state 3 respiration through CII (P CII ). There are negligible differences in P CII when measured with or without a prior addition of FCCP , because the capacity for electron flow through CII is much less than that of CIII and complex IV (CIV; cytochrome c oxidase), and thus is rate limiting (Gnaiger, 2009) . Inhibition of respiration with antimycin A then allows for the determination and correction of residual oxygen consumption, indicative of non-mitochondrial oxygen consumption in the chamber.
Citrate synthase activities
Citrate synthase (CS) activities were assayed in homogenates of the skeletal muscle samples used in respiration measurements. The contents of the Oxygraph2k chambers (2 ml each) were removed after each respiration experiment and washed once with 2 ml of MiR05. One per cent Triton X-100 and 2 μl of a protease inhibitor cocktail (Sigma Aldrich catalogue no. 539134) were added to the combined solutions (content and wash) and then homogenized for 30 s with a T10 basic ULTRA-TURRAX R homogenizer near maximal speed (setting 4). The homogenate was then centrifuged for 15 min at 4
• C, and the supernatant was removed, frozen in liquid nitrogen and stored at -80
• C. As has been previously described (Srere, 1969) , CS activity was measured fluorometrically at 412 nm and 25
• C (Citrate Synthase Assay Kit; Sigma-Aldrich), according to the manufacturer.
Muscle lysate preparation
Muscle tissue (QUAD M , SOL M and GAST M ) was collected from a subgroup of mice (n = 4) to measure the protein expression of several mitochondria-specific proteins and compare quantification of those with our measure of CS activity to establish its validity as a biomarker of mitochondrial content in mouse skeletal muscle. The muscle samples were homogenized (Qiagen Tissuelyser II, Retsch, Haan, Germany) in a fresh batch of buffer containing the following: 10% glycerol, 20 mM sodium pyrophosphate, 150 mM NaCl, 50 mM Hepes (pH 7.5), 1% NP-40, 20 mM β-glycerophosphate, 2 mM Na 3 VO 4 , 10 mM NaF, 2 mM phenylmethylsulfonyl fluoride, 1 mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 10 μg ml −1 aprotinin, 10 μg ml −1 leupeptin and 3 mM benzamidine. Afterwards, samples were rotated end over end for 1 h at 4
• C and centrifuged at 16,500g for 30 min at 4
• C, and the supernatant (lysate) was used for further analysis. The total protein concentration in each sample was determined by a bovine serum albumin standard kit (Pierce, Rockford, IL, USA), and samples were mixed with a modified 6× Laemmli buffer [7 ml 0.5 M Tris base (pH 6.8), 3 ml glycerol, 0.93 g dithiothreitol, 1 g SDS and 1.2 mg Bromophenol blue].
SDS-PAGE and Western blotting
Methods have been described in detail previously (Nordsborg et al. 2008 (Nordsborg et al. , 2012 Thomassen et al. 2011) . Equal amounts (10 μg) of total muscle lysate proteins, determined during optimization of the different antibodies, were loaded in each well. Samples were loaded together with protein markers (Precision Plus All Blue and Dual Colour; Bio-Rad Laboratories, Hercules, CA, USA) on precasted gels (Bio-Rad Laboratories). Proteins were separated by SDS-PAGE and semi-dry transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The membranes were blocked in either 2% skimmed milk or 3% bovine serum albumin in Tris-buffered saline, including 0.1% Tween 20 (TBST) before an overnight incubation in primary antibody at 4
• C. Thereafter, membranes were washed in TBST and incubated for 1 h at room temperature in horseradish peroxidase-conjugated secondary antibody. Membranes were then washed three times for 15 min in TBST before the bands were visualized with ECL (Millipore) and recorded with a digital camera (ChemiDoc MP Imaging System; Bio-Rad). Quantification of the Western blot band intensity was done using the Image Lab software program (Bio-Rad) and determined as the total band intensity minus the background intensity. Primary antibodies were optimized by use of mouse muscle lysates to ensure that the amount of protein loaded would result in band signal intensities localized on the steep and linear part of a standard curve.
In order to determine changes in total protein expression, the following antibodies were used, with the localization of the quantified signal noted: 3-hydroxyacyl coenzyme a dehydrogenase (HAD), 83 kDa, polyclonal ab54477 (Abcam, Cambridge, UK); citrate synthase (CS), 48 kDa, polyclonal ab96600 (Abcam); mitochondrial complex IV subunit 4, (CIV), 16 kDa, monoclonal sc-58348 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); and mitochondrial complex I subunit NDUFB8 (CI), 20 kDa (monoclonal ab110242), mitochondrial complex II, succinate dehydrogenase complex subunit B (CII), 30 kDa (monoclonal ab14714), mitochondrial complex III subunit core 2 (CIII), 45 kDa (monoclonal ab14745) and mitochondrial complex V ATP synthase subunit α (CV), 55 kDa (monoclonal ab14748), all four of which are included in the MitoProfile R Total OXPHOS Human WB Antibody Cocktail (ab110411; Abcam). The secondary antibodies used were horseradish peroxidaseconjugated goat anti-mouse and goat anti-rabbit (P-0447 and P-0448; Dako, Glostrup, Denmark).
All samples from the same muscle type were loaded on the same gel. The signal intensity from each muscle sample was normalized to the mean signal intensity of a human standard loaded together with the samples.
Data analysis
For all statistical evaluations, a P value of <0.05 was considered significant. Linear regression was used to calculate the strength of association between CS activity and the quantification of mitochondria-specific proteins from the tricarboxylic acid cycle, β-oxidation pathway and electron transport system across all types of murine skeletal muscles. Respiratory capacities, CS activity and indices of mitochondrial efficiency did not show a Gausian distribution; therefore a Kruskal-Wallis ANOVA and the Mann-Whitney U test were used to reveal differences between muscles. Pearson correlation coefficients were calculated for the strength of association between P and CS activity.
Results
Mass-specific respiration across mouse skeletal muscle
Differences in mass-specific respiratory capacity across different skeletal muscles in the mouse are presented in Fig. 1A . For all respiratory states, SOL M was significantly (P < 0.01) greater than both QUAD M and GAST M . The only difference observed between QUAD M and GAST M was in maximal fatty acid oxidation capacity, P ETF , where QUAD M expressed a greater capacity (P = 0.028).
Mitochondrial respiratory capacity and content
Mass-specific respiration does not take into account differences in mitochondrial content. When controlling mass-specific respiration for mitochondrial content, the differences in respiratory capacities across all mouse skeletal muscles change (Fig. 1B) . Specifically, both QUAD M and GAST M were greater than SOL M during submaximal state 3 respiration through CI (P CI ; P = 0.005 and 0.001, respectively), maximal state 3 respiration (P; P = 0.007 and P < 0.001, respectively), electron transport system capacity (ETS; P = 0.01 and P < 0.001, respectively) and submaximal state 3 respiration through CII (P CII ; P = 0.021 and P = 0.001, respectively). Mitochondrial content correlates directly with overall respiratory capacity (Larsen et al. 2012) . This is shown here, because maximal state 3 respiration, or oxidative phosphorylation capacity, P, strongly correlates (r = 0.932, P < 0.001) with CS activity across all mouse muscles (Fig. 1C) . When analysing differences in CS activity across groups, SOL M presents with more CS activity than any other skeletal muscle (P < 0.001). The only other difference was that CS activity in GAST M was less than in QUAD H (P < 0.002).
Mitochondria-specific respiration across mouse muscles
Although CS activity has been shown to correlate strongly with mitochondrial content in humans (Larsen et al. 2012) and also in horses (Hoppeler, 1990) , it was necessary to establish this in mouse skeletal muscle. In order to validate measures of CS activity in mouse skeletal muscle, we correlated those values to quantification of mitochondrial enzymes from a subgroup of animals included in this study (n = 4). The quantification of all mitochondrial proteins analysed in QUAD M , SOL M and GAST M is Figure 1 . Comparison of respiratory capacity and control in mouse skeletal muscles Mass-specific (A) and mitochondria-specific respiration (B) across mouse quadriceps (QUAD M ; grey bars), soleus (SOL M ; filled bars) and gastrocnemius (GAST M ; open bars). Abbreviations: L N , leak respiration without adenylates; P, maximal state 3 respiration, i.e. oxidative phosphorylation capacity; P CI , submaximal state 3 respiration through complex I (CI); P CII , submaximal state 3 respiration through complex II (CII); and P ETF , maximal fatty acid oxidation. Data are presented as means + SD. * P ≤ 0.05, * * P ≤ 0.01 and * * * P ≤ 0.001. #Significant difference from GAST M , P < 0.05. C, Pearson correlation of maximal oxidative phosphorylation system capacity, maximal state 3 respiration (P), versus citrate synthase (CS) activity. Citrate synthase activity (x-axis) is plotted against P (y-axis) for all mouse skeletal muscles. The grey circles represent QUAD M , the filled circles SOL M and the open circles GAST M . r = 0.932, P < 0.001. illustrated in the Supplemental material (Fig. S1 ). All quantifications of mitochondrial proteins correlated strongly with measures of CS activity (Supplemental material, Fig. S1 ), establishing its use as a valid biomarker of mitochondrial content in mouse skeletal muscle.
Mitochondrial function in mouse quadriceps versus human quadriceps
Mass-specific respirometric comparisons of QUAD M differed from its human counterpart during P ETF (P = 0.007), P CI (P = 0.05), P (P = 0.015) and ETS (P = 0.002) respiratory states ( Fig. 2A) . When controlling for mitochondrial content, the only difference between QUAD M and QUAD H was observed at ETS (P = 0.038; Fig. 2B ).
Mitochondrial function in mouse soleus versus human quadriceps
Mass-specific respiratory values from SOL M and QUAD H mitochondria are presented in Fig. 3A . They differed during leak respiration in absence of adenylates (L N ; P < 0.001), P ETF (P < 0.001), P CI (P = 0.005) and P CII (P = 0.002). When controlling for mitochondrial content, the differences between SOL M and QUAD H were observed at P ETF (P = 0.002), P CI (P < 0.001), P (P < 0.001) and ETS (P < 0.001) respiratory states (Fig. 3B ).
Mitochondrial function in mouse gastrocnemius versus human quadriceps
Mass-specific differences for all respiratory states except P CII were lower in GAST M when compared with QUAD H (Fig. 4A ; L N , P = 0.05; P ETF , P < 0.001; P CI , P = 0.003; P, P = 0.003; and ETS, P < 0.001). When controlling for mitochondrial content, the only differences between GAST M and QUAD H were at P CI (P = 0.05) and P CII (P = 0.007) respiratory states (Fig. 4B) .
Mitochondrial coupling control
The leak control ratio during β-oxidation (LCR ETF ), representing the electron coupling control during fat oxidation, differed between QUAD M and SOL M (P = 0.015) and between QUAD M and QUAD H (P = 0.005). The phosphorylation system control ratio (PSCR) did not differ between any mouse muscles (Fig.  5) ; however, all the mouse muscles presented with a higher PSCR than the human muscle (P < 0.001).
Discussion
The aim of this study was to analyse respiratory capacity and control in several mouse muscles and to compare and contrast those values with skeletal muscle mitochondrial function measured in muscle from young and healthy human subjects. We have several main findings, as follows: (i) qualitative differences in mitochondrial function exist between mouse skeletal muscles; (ii) respiratory capacity in young, healthy mouse skeletal muscle does correspond well to that of young, healthy human skeletal muscle; and (iii) in contrast to our hypothesis, mitochondrial function of the QUAD M , not SOL M , more closely resembles that of human skeletal muscle.
There is discussion on whether the respiratory capacity of skeletal muscle depends solely on mitochondrial content or whether differences exist across skeletal muscles with varying biochemical make-up (Picard et al. 2012) . There is some evidence in support of the supposition that differences in oxidative potential between skeletal muscles can be accounted for by the mitochondrial volume density between the muscles (Hoppeler et al. 1987; Schwerzmann et al. 1989) , although these studies were limited either by measuring P CI and P CII only individually, but not collectively, in preparations of isolated mitochondria or by perfusion limitations to the skeletal muscle. Other evidence suggests, as do the results presented here, that a respiratory difference between oxidative and glycolytic muscle mitochondria does exist when taking into account mitochondrial content (Jackman & Willis, 1996; Picard et al. 2008) . All data reporting differences between oxidative and glycolytic muscles report a higher respiratory capacity per mitochondrion in glycolytic muscle (Jackman & Willis, 1996; Picard et al. 2008 ). Respiratory differences across skeletal muscle fibre types have also been shown in human subjects using in vivo imaging techniques Conley et al. 2007 ). Here we maintain that there are differences in respiratory capacity per mitochondrion across different skeletal muscles and that the more glycolytic muscle possesses greater respiratory capacity for a given mitochondrial content (Fig. 1B) .
The mechanism(s) explaining these functional differences across skeletal muscle fibre types are largely unknown. Mitochondria do, however, vary morphometrically between fibre types, with mitochondria of fast-twitch muscles possessing a thinner and longer reticular network and mitochondria of slow-twitch muscles expressing a thicker and more truncated reticulum (Ogata & Yamasaki, 1997) . The mitochondria expressed in different fibre types are also sometimes subjected to very a different metabolic strain. Glycogen stores are markedly greater in fast-twitch glycolytic muscles when compared with slow-twitch oxidative muscles (Greenhaff et al. 1991; Tsintzas et al. 1995) , as are the maximal rates of glycogenolysis within each respective muscle type (Greenhaff et al. 1991) . The greater respiratory capacity per mitochondrion in glycolytic muscle is necessary and may be explained by the greater glycolytic strain per unit mitochondria during intense to maximal exertion. Biochemical protein expression supports this idea, because several mitochondrial enzymes directly involved in the function of the tricarboxylic acid cycle and electron transport chain, e.g. NADH dehydrogenase, have been reported to possess greater expression in glycolytic compared with oxidative skeletal muscle (Glancy & Balaban, 2011) .
Normalization of respiration plays a large role in whether or not differences are observed between oxidative and glycolytic fibres; oxidative fibres express greater respiratory capacity when normalized to tissue weight (Fig. 1A) , because they possess considerably higher mitochondrial content (Fig. 1C) . This is in Figure 2 . Respiratory capacity and control between mouse quadriceps (QUAD M ) and human quadriceps (QUAD H ) Mass-specific (A) and mitochondria-specific respiration (B). Data are presented as means + SD. * P ≤ 0.05 and * * P ≤ 0.01. C, Bland-Altman plots representing the mean difference and the limit of agreement between QUAD M and QUAD H across respiratory states. The continuous line represents the mean of the differences between QUAD M and QUAD H and the dashed lines represent the level of agreement (mean ± 2SD). The smaller the range between these two limits, the better the agreement. agreement with previous reports (Ponsot et al. 2005; Picard et al. 2008) . Normalization to mitochondrial content is required for comparison of true differences in respiratory capacity between skeletal muscles. Respirometric analysis of mitochondria isolated from rat soleus, extensor digitorum longus, gastrocnemius and tibialis anterior found no difference in respiratory capacity in subsarcolemmal or intermyofibrillar populations when normalized to mitochondrial protein content (Yajid et al. 1998) . Mitochondrial isolation, however, disrupts the united heterogeneous mitochondrial reticulum, resulting in unnaturally circular and disconnected organelles (Schwerzmann et al. 1989; Picard et al. 2011) . This carries the risk of contaminating the isolated fractions with proteins not native to the mitochondria (Chretien et al. 1995; Picard et al. 2011) , losing mitochondriaspecific contents (Brooks, 2002; Brooks & Hashimoto, 2007; Picard et al. 2011) and modifying overall function (Pande & Blanchaer, 1970; Benz, 1994; Saks et al. 1998 Saks et al. , 2010 Villani et al. 1998; Kunz et al. 2000; Milner et al. 2000; Kuznetsov et al. 2008; Picard et al. 2010) . Moreover, respirometric normalization to mitochondrial protein following mitochondrial isolation has since been rebutted, because it does not correlate with the total area of the cristae (Leary et al. 2003) . Respirometric normalization to a biomarker of mitochondrial content, such as CS, which is different between muscles, was not analysed (Yajid et al. 1998) . In human skeletal muscle, CS activity can serve as a valid representative biomarker of mitochondrial volume density, total cristae area and respiratory capacity (Larsen al. 2012) . We also validate CS activity as a representative biomarker of mitochondrial content in mouse skeletal muscle, because there were strong correlations with CS activity and quantification of all mitochondrial proteins analysed (Supplemental material, Fig. S1 ). An additional benefit to the use of measurements of CS activity is that they can be made from the same skeletal muscle preparation used to collect respirometric values (Picard et al. 2008; Larsen et al. 2012) , as was done in the present study. The ability to use animal models for human mitochondrial function is important, because mitochondria are intimately associated with both health and disease. Use of the mouse as a representative model of human mitochondrial function, however, has come into question (Lemieux & Warren, 2012) . Differences in molecular profiles between mouse and human skeletal muscle indirectly support these claims. However, the assertion that mouse mitochondrial function deviates greatly from that in the human has never empirically been tested until now. Using saponinpermeabilized skeletal muscle preparations from QUAD M and QUAD H , we show that the differences in respiratory control across species are minor or negligible (Fig. 2B) . In contrast to isolated mitochondrial preparations, this specific mitochondrial preparation allows for direct access to skeletal muscle mitochondria while preserving the cytocellular ultrastructure (Lin et al. 1990; Saks et al. 1991 Saks et al. , 1998 Kuznetsov et al. 2008; Gnaiger, 2009; Picard et al. 2011) as well as subcellular interactions (Veksler et al. 1987; Lin et al. 1990; Saks et al. 1998; Milner et al. 2000; Kuznetsov et al. 2008; Picard et al. 2011) . Cellular bioenergetics and metabolic channelling are reliant upon these characteristics (Saks et al. 1998; Kay et al. 2000; Kuznetsov et al. 2008; Gnaiger, 2009) . Accordingly, this specific mitochondrial preparation serves as the best model in which to examine differences between skeletal muscle types and also to compare and contrast function across species.
In contrast to our hypothesis, it was respiratory capacity and control of the QUAD M , not SOL M , that better represents human skeletal muscle mitochondrial function (Figs 2B versus 3B) . These data also refute previous reports that the SOL M may serve as a better representative of human skeletal muscle based on molecular modelling (Kho et al. 2006) . Bland-Altman plots further verified this finding ( Figs 2C, 3C and 4C ). These Bland-Altman plots are graphical representations of the differences between the respirometric analysis of mouse muscle and human muscle against the mean for each respective respiratory state. This method determines the mean difference (measurement bias) between the two measurements in question, as well as the 95% limit of agreement of the mean difference (2SD). The smaller the range between these two limits, the better the agreement.
It should be noted that mitochondrial electron coupling control during fat oxidation is more similar between SOL M and QUAD H (Fig. 5) . The LCR ETF is determined from two respiratory states, a leak state (L N ) and a higher respiratory state (P EFT ). These corresponding states are paired by an identical substrate supply (malate + octanoyl carnitine). The ratio of these two states reflects electron coupling efficiency during fat oxidation, from a theoretical minimum of 0.0, indicating a fully coupled system, to a value of 1.0, representing a fully non-coupled (dyscoupled) system (Gnaiger, 2009 ). Thus, while QUAD M was most similar to QUAD H respiratory capacities, it may be more accurate to state that mouse skeletal muscles can provide a useful model to test hypotheses relating to human skeletal muscle with the caveat that species differences are real, very specific, different across muscle types, and must be considered before extrapolating directly to human skeletal muscle. We also confirmed that young, healthy mice may serve as representative models of mitochondrial performance in young, healthy and nonsedentary humans. The comorbidities of a sedentary, caged and ad libitum-fed lifestyle (Martin et al. 2010) do not appear to affect mitochondrial function within the first 8-10 weeks of life.
One difference that did exist between all mouse skeletal muscles and the human muscle was the PSCR. This is the ratio of maximal state 3 respiration to ETS capacity and represents the degree of constraint of the maximal oxidative phosphorylation capacity by the phosphorylation system or ATP synthase (Gnaiger, 2009) . With no restriction, the PSCR approaches a ratio of 1.0, which we observed in all mouse muscles (Fig. 5) , as seen in other studies (ter Veld et al. 2005; Aragonés et al. 2008) . We observed that human skeletal muscle presented with an average PSCR of 0.71, which is also comparable to other reported values (Boushel et al. 2007) . A ratio less than 1.0, as observed in humans, suggests that electron transport through complexes I-IV is limited by ADP phosphorylation. When facilitating non-coupled respiration with the proton ionophore FCCP by collapsing the electron gradient prior to phosphorylation, a higher electron transport and attendant respiration is reached (QUAD H respiration; Fig. 2B ). Oxidative phosphorylation capacity (P) is more than capable of utilizing the oxygen delivered during maximal whole-body exercise (Boushel et al. 2011) , where oxygen delivery is limiting. Thus, the excess capacity for electron transport following uncoupling in human skeletal muscle mitochondria possibly serves a functional role during exercise in isolated muscle groups where maximal work is not limited by oxygen supply (Andersen & Saltin, 1985) . The functional role of an excess electron transport capacity in human skeletal muscle mitochondria merits further investigation.
Conclusion
If differences in murine and human mitochondrial function did exist then it would be both difficult and cavalier to apply results collected from mice to a larger and different human population, particularly if neither the group sampled nor the population was clearly defined. Here we discriminate between skeletal muscle mitochondrial function in mice and humans. We provide evidence disproving any excessive discordance or discrepancy that has been claimed to exist between mouse and human mitochondria unless specifically examining the phosphorylative restraint of ATP synthase on oxidative phosphorylation (Lemieux & Warren, 2012) . Specifically, young, healthy mouse quadriceps serves as a suitable representative for mitochondrial function in young, healthy human vastus lateralis. This allows for more assurance when progressing from descriptive to inferential statistics between healthy young mouse and human mitochondria.
